To learn more about the role of the Lefty family, we correctly expressed in the AVE at E6.75 ( Figure 1K ), confirming that the targeted deletion of lefty2 exons did combined loss-and gain-of-function approaches in mouse and zebrafish. lefty2 mutant mouse embryos not affect lefty1 expression in cis. showed an expansion of the primitive streak and excess formation of mesoderm, a phenotype opposite to that of nodal mutants. The lefty2 mutant phenotype was parExpansion of the Primitive Streak and Excess Mesoderm Formation in lefty2 Mutant Embryos tially suppressed by heterozygosity for nodal, suggesting antagonistic effects of the two proteins. In addiAt E9.5, the embryonic region of homozygous mutants showed no signs of axial patterning and instead retion, we found that Lefty2 and Antivin act as antagonists of Nodal signaling in zebrafish and induce phenotypes mained as a mass of cells lacking distinguished structure at the distal end ( Figure 2C ). The extraembryonic identical to sqt;cyc and maternal-zygotic oep mutants. The effects of Antivin overexpression can be overcome structures were less severely affected. Although the yalk sac was formed, blood vessels were not found, and the by overexpression of Nodal signals or the extracellular domain of the type II activin receptor ActRIIB, sugendodermal and mesodermal components of the yalk sac were dissociated. The allantois, derived from postegesting that this receptor is a target of Antivin action. Finally, we found that expression of antivin is dependent rior mesoderm produced at the proximal end of the primitive streak, formed normally but failed to fuse apon Nodal signaling, suggesting that Lefty2 and Antivin block Nodal signaling in a negative feedback mechapropriately to the chorion, likely due to the unusual topology of the mutant embryo ( Figure 2C ). nism, allowing tight control of Nodal signaling during vertebrate gastrulation.
To determine the onset of morphological anomalies, we examined homozygous embryos at earlier stages. lefty2 Ϫ/Ϫ embryos appeared morphologically and histoResults logically normal until E7.5 (data not shown; also see Figure 7 ). At the early somite stage (E8.0-E8.25), the lefty2 Null Mutants Are Early Embryonic Lethal extraembryonic structures were relatively normal, and The murine "lefty" locus is composed of two highly conblood islands were seen in the yolk sac ( Figures 2D-2H ). served genes, lefty1 and lefty2, which are tightly linked The embryonic region, however, showed severe defects. on chromosome 1 (Meno et al., 1997). To examine the The head folds, somites, heart, and notochord were role of lefty2 in gastrulation and L-R asymmetry, we absent ( Figures 2D-2J ). Instead, a mass of mesodermgenerated mutant mice deficient in lefty2. To inactivate like cells accumulated in the posterior/distal region of lefty2, we constructed a targeting vector that removes the embryo proper and in the lateral region adjacent all four exons of lefty2 after homologous recombination to the embryonic-extraembryonic junction. Histological ( Figure 1A) . Two correctly targeted ES cells clones were observations indicated that the region of ingressing ecused to generate lefty2 ϩ/Ϫ heterozygotes. Mutant emtoderm was markedly expanded ( Figures 2I and 2J ), bryos derived from both cell lines showed identical suggesting that the primitive streak was expanded laterphenotypes (see below). lefty2 ϩ/Ϫ heterozygous mice ally. In the anterior-distal region, an abnormal indentawere normal and fertile. When intercross progeny from tion or groove developed instead of the definitive node lefty2 ϩ/Ϫ heterozygous mice were genotyped at birth, ( Figure 2E , arrowhead). no homozygous animals were found, indicating that Examination of various marker genes confirmed the lefty2 null mutants are embryonic lethal. To characterize morphological and histological observations described the embryonic lethality, we initially analyzed litters from above ( Figure 3) . First, we examined T and fgf8 as markheterozygous intercrosses at embryonic days 8.0 (E8.0) ers of nascent mesoderm demarcating the primitive to E11.5. At E8.25, homozygous mutant embryos were streak (Kispert and Herrmann, 1994; Crossley and Marpresent at roughly the expected frequency of 25% but tin, 1995). In wild-type and lefty2 mutants at E7.75, T were morphologically abnormal. At E11.5, a significant was expressed in the primitive streak and head process number of embryos were being reabsorbed, all of which ( Figure 3A) . At E8.0, however, T expression was found turned out to be homozygous mutants ( Figure 1B) . Thus, to extend more laterally ( Figures 3C and 3F) . Moreover, loss of Lefty2 activity leads to embryonic lethality before the T-expressing domain in the midline failed to extend L-R defects can be analyzed. The early defects suggest anteriorly ( Figures 3C and 3D Figures 1C-1F) .
In situ hybridization confirmed the absence of lefty2 of Lefty2 activity results in a dramatic expansion of the Figure 3V ; data not shown), ular, lefty2 Ϫ/Ϫ nodal lacZ/lacZ embryos were identical to lefty2 ϩ/ϩ nodal lacZ/lacZ embryos, establishing that the suggesting that formation of a functional AVE is unaffected in lefty2 mutant embryos. These results show expansion of mesoderm in lefty2 mutants is dependent on Nodal signaling. Strikingly, the defects of lefty2 Ϫ/Ϫ that lefty2 is required for the correct specification of the mesoderm generated along the proximal-distal length nodal lacZ/ϩ embryos were less severe than those of lefty2 Ϫ/Ϫ nodal ϩ/ϩ mutants at E8.25 (Figure 4) . Less exof the streak during gastrulation. Consequently, lefty2 mutant embryos fail to form organized structures such cess mesoderm accumulated in lefty2 Ϫ/Ϫ nodal lacZ/ϩ embryos ( Figure 4D) , and the neural folds, which were abas the node, notochord, and somites. The anteriorposterior axis of the mutant embryo appears to be specisent in lefty2 Ϫ/Ϫ nodal ϩ/ϩ embryos, were frequently present in the lefty2 Ϫ/Ϫ nodal lacZ/ϩ embryos ( Figure 4D ). fied correctly, but distinct anterior structures such as the head folds do not form correctly.
The allantois, which was not connected to the chorion in lefty2 Ϫ/Ϫ nodal ϩ/ϩ embryos ( Figures 2C and 4A ), was often correctly fused to the chorion in lefty2 Ϫ/Ϫ nodal Heterozygosity Partially Rescues the lefty2 Phenotype nodal lacZ/ϩ embryos (data not shown). In spite of this partial rescue, the lefty2 Ϫ/Ϫ nodal lacZ/ϩ embryos die at late Intriguingly, the expansion of the primitive streak in lefty2 null mutant embryos is the opposite of the phenogastrulation. Partial rescue of the lefty2 null phenotype by nodal type of nodal mutants, which fail to form a primitive streak (Conlon et al., 1994) . This finding suggested the heterozygosity was further confirmed with molecular markers (Figures 4E-4H) . T expression, which was exhypothesis that Nodal and Lefty2 might act antagonistically during mesoderm formation. To assess this possipanded laterally in the primitive streak and never extended to the anterior region of the midline in lefty2 null bility, we examined the potential genetic interaction between lefty2 and nodal by crossing lefty2 and nodal lacZ mutants ( Figures 3C, 3D, and 3F) , did extend anteriorly and was less expanded laterally in lefty2 Ϫ/Ϫ nodal lacZ/ϩ mutants (Collignon et al., 1996) . Double heterozygotes (Figure 5D) , Lefty1, and zebrafish Antivin (Thisse and Thisse, 1999; Figures 5K, 5M, 5Q, and 5S) . Coexpression of Sqt (Fig-6) . In particular, antivin is first expressed at the dorsal margin, similar to sqt (Figures 6A and 6D ) and then in ures 6M and 6V). These results reveal a positive feedback loop in which Nodal signaling maintains the exall marginal cells, similar to sqt and cyc ( Figures 6F, 6I,  6N, 6P, and 6T ). These observations suggested that pression of cyc and sqt. The phenotypic effects induced by overexpression of antivin transcription might either be activated by Nodal signaling or might be initiated concomitantly with cyc Antivin or Lefty2 might be caused by blocking Nodal signaling and/or by blocking expression of cyc and sqt. and sqt. To determine the regulatory link between the transcription of antivin and the Nodal signaling pathway, To distinguish between these possibilities, we analyzed the expression of cyc and sqt in embryos that overexwe examined antivin expression in sqt;cyc double mutants and maternal-zygotic oep mutants, two mutant press Lefty2 or Antivin. As was observed in maternalzygotic oep mutants, overexpression of Antivin and combinations that inactivate Nodal signaling (Feldman  et al., 1998; Gritsman et al., 1999) . We find that in the Lefty2 blocked the maintenance, but not initiation, of cyc and sqt expression ( Figures 6B, 6G, 6L , 6Q, and 6U; absence of Nodal signaling, antivin expression at the 
